The bacterial rpoN operon codes for s 54 , which is the key s factor that, under nitrogen starvation conditions, activates the transcription of genes needed to assimilate ammonia and glutamate. The rpoN operon contains several other open reading frames that are cotranscribed with s 54 . The product of one of these, the 17.9 kDa protein IIA Ntr , is homologous to IIA proteins of the phosphoenolpyruvate:sugar phosphotransferase (PTS) system. IIA Ntr in¯uences the transcription of s
Introduction
Gene transcription is effected by RNA polymerase, which binds to upstream promoters. The catalytic site of prokaryotic RNA polymerase is associated with the so-called core enzyme, which consists of four subunits: two a-, one b-and one b H -subunit. For transcriptional initiation an additional subunit, the s factor, is needed which confers on the polymerase af®nity for promoter regions of speci®c genes. In Escherichia coli the major or primary s factor is s
70
. It is necessary for the expression of housekeeping genes and is essential for vegetative growth.
Besides s
, bacteria may possess other s factors that are required for the expression of sets of genes that allow them to respond to altered environmental conditions, such as temperature shock or starvation. For example, in E. coli, an important secondary s factor is s 54 or s N . It is the key s factor that, under nitrogen starvation conditions, activates the transcription of genes needed to increase the capacity to assimilate ammonia, glutamate and other nitrogen sources (Magasanik, 1993) . In other Gram-negative bacteria s 54 also directs the transcription of genes involved in nitrogen ®xation, toluene and xylene catabolism, and the biosynthesis of glutamine synthetase (Merrick, 1993) . In contrast to s
, s 54 requires a regulonspeci®c activator protein to form a transcriptionally productive a2bb
H s 54 ± promoter complex. The action of this activator protein is regulated through a complex phosphorylation pathway, in response to signals from the cell's environment (Charbit, 1996) . s 54 is encoded by the rpoN gene (previously designated ntrA or glnF). In E. coli rpoN is anked by six other cotranscribed open reading frames, two upstream and four downstream, and these seven genes are collectively called the rpoN operon (Powell et al., 1995) . The products of two of the downstream open reading frames show clear homology to proteins of the phosphoenolpyruvate-dependent phosphotransferase system (PTS). The PTS is a complex bacterial sugar uptake system, which via a series of phosphoryltransfer reactions, uses phosphoenolpyruvate as an energy source to drive the sugar uptake and to phosphorylate the incoming sugar (see, e.g., Herzberg & Klevit, 1994; Postma et al., 1993) . In addition to its primary role in sugar transport and phosphorylation, the PTS regulates various other physiological processes through its functioning as a protein kinase system (Saier & Reizer, 1994) . Five functional proteins or protein domains can be distinguished in the PTS: the general energy coupling proteins enzyme I and HPr, and the sugar-speci®c enzymes, IIA, IIB and IIC (reviewed by Reizer & Saier, 1997) . Enzyme I abstracts a phosphoryl group from phosphoenolpyruvate; HPr transfers this phosphoryl group from enzyme I to enzyme IIA, and enzyme IIA subsequently phosphorylates enzyme IIB. Finally, the phosphorylated form of IIB serves as a phosphoryl donor for IIC-dependent carbohydrate transport across the membrane with concurrent phosphorylation of the incoming sugar.
By analogy to their PTS homologues, the two products of the rpoN operon have been named IIA Ntr and NPr, respectively. IIA Ntr (nitrogenrelated enzyme IIA) is a 17.9 kDa protein (163 amino acid residues) that is homologous to the fructose-and mannitol-speci®c enzymes IIA Fru and IIA Mtl , respectively, while the 9.8 kDa NPr (nitrogen-related HPr) shows sequence similarity to HPr proteins of the PTS (Imaishi et al., 1993; Powell et al., 1995; Reizer et al., 1992a) . Signi®cantly, the highest degree of amino acid sequence similarity between IIA Ntr and other enzymes IIA is observed around the conserved His73, which in IIA Fru and IIA Mtl is phosphorylated by P $ HPr (Reiche et al., 1988) . This observation suggested that IIA Ntr might also be phosphorylated. Indeed, Powell and coworkers (1995) could show that in E. coli IIA Ntr can be phosphorylated by either P $ HPr or P $ NPr. Comparable results have been obtained for IIA Ntr from Klebsiella pneumoniae (Begley & Jacobson, 1994) .
The ®nding that IIA Ntr can be phosphorylated by either P $ HPr or P $ NPr, and the observation that IIA Ntr negatively regulates the transcription of s 54 -dependent genes (Merrick & Coppard, 1989) , led to the suggestion that IIA Ntr could function as a regulatory link between the PTS and s 54 activity (Reizer et al., 1992a) . Phosphorylation of IIA Ntr by HPr would provide the bacterium with a way of sensing its nutritional environment and could trigger the organism to adapt its enzyme inventory. The precise mechanism by which IIA Ntr regulates the activity of s 54 is not known. To investigate further the role of IIA Ntr in the regulation of s 54 activity we have determined its crystal structure and investigated its possible modes of interaction with other proteins. The three-dimensional structure of IIA Ntr observed here represents a novel folding motif and it is the ®rst structure to be reported for a member of the fructose ± mannitol family of the PTS.
Results

Description of the structure
The structure of IIA Ntr has been re®ned at 2.35 A Ê resolution to an R-factor of 19.5 % (Rfree is 25.1%). The ®nal model contains two IIA Ntr molecules in the asymmetric unit (chains A and B). The ®rst seven amino acids of chain A and the last six residues of both chains (residues 158 to 163) are not visible in the electron density. The structure of IIA Ntr is characterized by a mixed parallel/antiparallel ®ve-stranded b-sheet¯anked by a-helices on both sides (see Figure 1) . The b-sheet is formed by (a) two pairs of parallel b-strands (indicated in Figure 1(a) as B/G and F/H, respectively), which run in opposite directions, and (b) by one short b-strand (E), which runs antiparallel to strand F. Two a-helices (C, D) pack on one side of the b-sheet, while four a-helices are located on the other side (A, I, J, K). The packing of the secondary structure elements results in a roughly spherical overall shape of IIA Ntr . A search in the PDB database (Bernstein et al., 1977) did not reveal proteins with a fold resembling that of IIA Ntr (Alexandrov et al., 1992; Holm & Sander, 1994) . It therefore appears that IIA Ntr represents a novel folding motif.
The active site
His73 is the residue that in the homologous PTS IIA enzymes receives the phosphoryl group from HPr and transfers it to IIB (Powell et al., 1995) . In IIA Ntr His73 belongs to the central part of b-strand F. It is situated in a shallow, generally hydrophobic depression at the protein's surface that is¯anked by helices D and I (Figure 1(b) ). The wall of this depression is formed by the side-chains of Arg57, Ile65, Ile71, Leu121 and Leu124, and by the methyl groups of Thr63 and Thr117. Except for Ile65, which may be replaced by another hydrophobic residue, all these residues are conserved in the known IIA Ntr sequences (Figure 2 ). The side-chain N d1 atom of His73 is hydrogen bonded to the main-chain carbonyl oxygen atom of Ile71, suggesting that N e2 is the atom that is phosphorylated by P $ NPr/P $ HPr. Indeed, in the homologous IIA Mtl , the His residue equivalent to His73 is phosphorylated on its N e2 atom (van Dijk et al., 1992) . Interestingly, near His73 in molecule B a globular electron density is visible, which could be modelled as a sulphate ion. This ion appears to be hydrogen bonded to the N e and N Z2 atoms of Arg57 and to N e2 of His73 (Figure 3(a) ). Arg57 is not only conserved in all IIA Ntr sequences but also in the PTS proteins IIA Mtl and IIA Fru (see below). Its side-chain N Z1 atom is kept in position by a 2.9 A Ê hydrogen bond to the main-chain carbonyl oxygen atoms of the conserved Arg57 and Gly61, generating a region with a positive electrostatic potential near His73 (see Figure 4(a) ). Since the sulphate ion might mimic a phosphoryl group approaching, but not yet covalently bound to His73, the interactions of Arg57 suggest that this residue may be involved in the stabilization of either the penta-coordinated transition state of the phosphoryl transfer reaction (Mueller et al., 1990) e2 to a buried water molecule, which in turn is hydrogen bonded to the main-chain peptide nitrogen and carbonyl oxygen atoms of His73. Glu58 is part of a local cluster of amino acids conserved in IIA Ntr sequences (see Figure 4 (b)), which includes Lys28, Lys29, Leu32, Phe51, Glu52, Lys59 and Asp97. These residues are located at the protein's surface on the opposite side of helix D compared to the active site. Their conservation suggests that this cluster, besides being important for HPr or NPr binding, could be a site of interaction with other proteins such as the unknown factor affecting the expression of s 54 -regulated genes.
Comparison of the two molecules in the asymmetric unit
Molecule A forms a dimer with a neighbouring molecule B. The dimer interface covers 1159 A Ê 2 out of a total protein surface of approximately 8000 A Ê 2 and involves some 30 residues. Several residues form direct intersubunit hydrogen bonds (Table 1) while other hydrogen bonds are mediated by water molecules. The most conspicuous interaction is seen for residues 1 to 7 of chain B, which reach out into the active site groove of molecule A (Figure 3(b) ). Apart from the amino-terminal a-NH 3 group of Met1 (chain B), which is hydrogen Structure of IIA Ntr bonded to the carbonyl oxygen atom of Thr117 (chain A), the interactions of these seven N-terminal residues are not speci®c. They do not make hydrogen bonds to molecule A and have only a very few hydrophobic interactions. Nevertheless, in contrast to the disordered N-terminal residues of chain A, the N-terminal residues of chain B have a well-de®ned conformation, with residues 4 to 10 forming helix A.
Comparison of the two molecules shows that after optimal superposition (Rossmann & Argos, 1976) , the equivalent C a atoms have an overall r.m.s. positional difference of 0.69 A Ê . This rather high value mainly results from substantial conformational variations observed in four distinct regions of the polypeptide chain. These regions comprise the amino acid residues close to the disordered ends of the polypeptide chains (residues 8 to 11, 154 to 157), residues 77 to 82 and residues 120 to 125. Excluding these residues from the comparison yields a more reasonable r.m.s. difference in C a positions of 0.36 A Ê for the two molecules. Residues 77 to 82 form a loop between b-strands F and G. In molecule B, but not in molecule A, this loop is involved in an inter-subunit hydrogen bond between the main-chain carbonyl oxygen atom of Leu81 (chain B) and the backbone NH group of Lys134 of chain A (see Table 1 ). The conformational differences observed for residues 120 to 125 are also due to interactions between the A and B molecules. To allow residues 1 to 7 of chain B to bind in the active site groove of molecule A, the side-chain of Leu121 (chain A) must assume a different orientation and its C a atom has been displaced over 2.1 A Ê . The interaction of the carbonyl oxygen atom of Thr117 with Met1 also leads to a local distortion of the a-helix main-chain hydrogen bonding network between residues 121 and 125 in monomer A. The structural differences between the A and B molecules demonstrate a degree of conformational plasticity, which may allow IIA Ntr to optimize its interactions with its different protein partners.
IIA
Ntr proteins from other bacteria
Besides the E. coli IIA Ntr , four other IIA Ntr protein sequences are known to date. A multiple sequence alignment (Figure 2 ) shows that about 25% of the amino acid residues are identical in the ®ve sequences. The most conserved residues are found in helices D and I, and in strands E, F and H. The conserved Gly61, Gly66 and Gly68 residues permit the sharp (Kabsch & Sander, 1983). turns that connect strand E with helix D and strand F. Moreover, the carbonyl oxygen atom of Gly61 accepts a hydrogen bond from the N Z1 atom of Arg57 (see above). b-Strand H forms the core of the enzyme: except for Asp105 and Val112, all residues are buried. The conserved amino acid residues ensure the precise positioning of the other secondary structural elements with respect to strand H, especially in the proximity of His73: Asp105 forms a salt bridge with the conserved Arg141 (helix J), and the hydrophobic residues in this strand interact with a number of residues from strands F and G, and helices A, C, D, I, J and K. Other hydrophobic residues that are involved in core hydrophobic interactions are conserved as well. Among them are Ala40, Leu76, Leu90, Leu131, Ala143 and Leu149. Interestingly, several charged surface residues are also conserved.
They are Lys28, Lys29, Glu52, Lys59, Asp97 (Glu in Bradyrhizobium japonicum), Asp100, Asp105, His120, Arg139, Arg141 and Glu147. Lys28 is hydrogen bonded to the buried residue Glu58 and the carbonyl oxygen atom of residue 96. Asp100 has a side-chain interaction with the peptide NH of residue 67 and interacts via a water molecule with the peptide NH of Gly68 and the carbonyl oxygen of residue 102, Arg141 has a salt bridge interaction with Asp105, and Glu147 forms a salt bridge with Arg16. The other conserved charged surface residues (Lys29, Glu52, Lys59, Asp97, Asp100, His120 and Arg139) are not involved in salt bridges; they might be of importance for recognition of the proteins with which IIA Ntr interacts. Alternatively, they might play a role in establishing a positive electrostatic ®eld near His73 to promote Figure 2) . These residues are part of the C terminus of a-helix D, b-strands E and F, and the turn region between these strands. These secondary structure elements form part of the scaffold for the active site and keep several of the amino acids surrounding His73 (Arg57, Thr63, Ile65 and Ile71) in position. Outside this 20-residue stretch, the sequence similarity with the PTS enzymes is lower. Nevertheless, the high sequence similarity between IIA Ntr and the PTS enzymes near the active site, combined with the biochemical evidence that both IIA Ntr and PTS enzymes IIA can be phosphorylated by HPr (Powell et al., 1995) , indicates that these enzymes have a similar fold. Recently, we completed the structure determination of the mannitol-speci®c IIA enzyme from E. coli (van Montfort et al., 1998).
Indeed, the folds of IIA Ntr and IIA Mtl are very similar. An intriguing difference is that in IIA Ntr His120 is located at the surface of the molecule, while the equivalent residue in IIA Mtl (His111) is part of the active site (see Discussion).
Discussion
Here we have described the structure of the 17.9 kDa protein IIA Ntr , the product of the ORF162 of the rpoN operon. IIA Ntr crystallizes as a dimer in the asymmetric unit. Some biochemical results support the occurrence of E. coli IIA Ntr as a dimer in solution (Powell et al., 1995) . It is doubtful, however, whether the dimer observed in the crystal, with the N-terminal residues of molecule B blocking the active site of the A molecule, corresponds to the postulated solution dimer. The interactions between the two molecules are rather non-speci®c. Furthermore, only a very few residues in the dimer interface are conserved in other known IIA Ntr proteins (see Table 1 and Figure 2) , and the ®rst six to seven N-terminal amino acids, which provide the most intimate contacts, are not even present in three out of ®ve IIA Ntr s. Therefore, even if dimer formation occurs in E. coli IIA Ntr , it appears not to (Bordo, 1993) and is colour-coded with a scale going from red (variability 0, i.e. residue conservation), through white (variability 0.5), to blue (variability 1).
be a generally conserved feature of IIA Ntr molecules and thus is probably not essential for the functioning of the enzyme. Other combinations of adjacent A and B chains in the crystal have even less extensive interactions and are therefore even less likely to represent the proposed solution dimer.
IIA Ntr is homologous to the mannitol-and fructose-speci®c IIA proteins of the phosphoenolpyruvate-dependent phosphotransferase system (PTS). Within the PTS four different structural classes of IIA proteins are known to exist (Postma et al., 1993) : the glucose±sucrose family, the mannose family, the lactose ± cellobiose family and the mannitol ± fructose family. Sequence identities within any one family are usually greater than 25%, but the homology between the families is mostly limited to the phosphorylation site (Postma et al., 1993) . Three-dimensional structures have been published for IIA enzymes from members of three families: the mannose-speci®c IIA Man (Nunn et al., 1996) , the glucose-speci®c IIA Glc (Liao et al., 1991) , and the lactose-speci®c IIA Lac (Sliz et al., 1997) . The three-dimensional structure of IIA Ntr reported here is the ®rst structure to be described for a member of the mannitol ±fructose family. Comparing the fold of IIA Ntr with those of the other IIA enzymes reveals that the three previously published IIA structures are not only completely different from each other, but that they also do not resemble IIA Ntr . The structure of E. coli IIA Man is characterized by a b-sheet consisting of four parallel b-strands with two and three a-helices packed on either side. A ®fth b-strand makes an antiparallel interaction to the parallel b-sheet of a neighbouring molecule (Nunn et al., 1996) . The functional unit of IIA Lac from Lactococcus lactis is a homotrimer in which each of the subunits is folded into a triple-a-helical bundle. No b-strands are present in this protein (Sliz et al., 1997) . The fold of Bacillus subtilis IIA Glc shows an anti-parallel b-barrel that incorporates Greek-key and jelly roll motifs. Only two short a-helices are present (Liao et al., 1991 . NMR experiments (van Dijk et al., 1992) on the equivalent residue in IIA Mtl (His111 in the subcloned IIA protein; Kroon et al., 1993) and the X-ray structure of IIA Mtl (van Montfort et al., 1998) show that this histidine is located at the active site of the protein. A second active site histidine is also present in IIA Glc and IIA Lac . On the basis of mutation studies of the B. subtilis and E. coli IIA Glc enzymes, it was proposed that the second histidine in these proteins is essential for phosphoryl transfer from IIA Glc to IIB Glc (Presper et al., 1989; Reizer et al., 1992b) . The presence of the second active site histidine in IIA Mtl suggests a similar role for this residue in the mannitol±fructose IIA proteins (Reizer et al., 1992a) . By analogy to the IIA Mtl and IIA Glc proteins, it has been proposed that His120 in IIA Ntr could play a role in the transfer of phosphoryl groups from IIA Ntr to unidenti®ed proteins (Reizer et al., 1992a) . The structure of IIA Ntr shows that His120 is indeed located in the vicinity of the active site, in helix I. However, His120 is located at the back of the helix and points away from the active site. Either a rotation of helix I or a local unwinding of the N-terminal part of this helix would be needed to bring His120 near the phosphorylation site (His73) in a position similar to that observed for the second active site histidine residue in IIA Glc , IIA Lac and IIA Mtl . Although residues 120 to 125 do show some¯exibility, it remains to be seen whether such conformational changes can be achieved. From the present location of His120 in our structure it seems unlikely that His120 plays a direct role in the phosphorylation of other proteins. Nevertheless, the conservation of His120 in the IIA Ntr sequences indicates an essential function for this residue. His120 might play a role in regulation of the activity of IIA Ntr or in recognition of its target proteins.
To carry out its regulatory function IIA Ntr needs to interact with other proteins. Two of these proteins are likely to be HPr and NPr. In HPr, and possibly also in NPr, the catalytic histidine residue protrudes from a convex surface. In IIA Ntr , the His73 phosphorylation site is located in a shallow hydrophobic depression at the surface of the molecule. Such a position of the phosphorylatable His, which is complementary to the HPr surface, is observed also in the other IIA enzymes of known three-dimensional structure (Liao et al., 1991; Nunn et al., 1996; Sliz et al., 1997) . Because of this surface complementarity no large structural rearrangements are expected upon complex formation between HPr and IIA Ntr . Nevertheless, some conformational adaptations of the IIA Ntr molecule may occur upon binding to other proteins; for instance, of residues 120 to 125, which shape part of the active site depression and which show conformational differences between the two molecules in the asymmetric unit.
To comprehend the role of IIA Ntr , it is helpful to consider the roles of the various PTS proteins. The PTS can be regarded as a protein kinase system keyed towards the uptake of carbohydrates and the regulation of bacterial metabolism (Saier & Reizer, 1994) . The concomitant presence of several IIA enzymes, each with a distinct sugar-speci®city, and each depending on HPr for its phosphorylation, allows the bacterium to modulate the uptake of sugars according to the type and abundance of the different carbohydrates in the environment (Postma et al., 1993) . For example, easily metabolizable sugars, such as glucose, can inhibit the uptake of other carbohydrates (Reizer & Panos, 1980) . IIA Glc plays a key role in this process (Postma et al., 1989 (Postma et al., , 1993 .
IIA Ntr seems to be part of a similar kinase system which together with NPr, the nitrogen-related HPr, regulates the expression of s 54 -activated genes. Both IIA Ntr and NPr are encoded by the rpoN operon, and they are cotranscribed with the s 54 subunit of the RNA polymerase. IIA Ntr negatively affects transcription of s 54 genes (Begley & Jacobson, 1994; Du et al., 1996; Merrick & Coppard, 1989) . In addition, a gene encoding for a protein denoted enzyme I Ntr has been identi®ed in E. coli. The C-terminal domain of this enzyme I Ntr is homologous to the principal catalytic enzyme I involved in sugar phosphorylation. The N-terminal domain, however, is homologous to the N-terminal sensory domain of NifA proteins . The nitrogen-sensing NifA proteins regulate the capability of the a2bb's 54 RNA polymerase holoenzyme to transcribe genes involved in nitrogen ®xation (Gussin et al., 1986) . Thus, the N-terminal domain of enzyme I Ntr may sense the nitrogen level in the cell and modulate the catalytic activity of the C-terminal domain, which, by analogy with the PTS, is supposed to transfer a phosphoryl group from PEP to NPr. Subsequently, NPr may phosphorylate IIA Ntr (Powell et al., 1995) . The phosphorylation states of IIA Ntr and HPr are therefore in dynamic equilibrium with the phosphorylation states of enzyme I Ntr on the one hand and of enzymes IIA on the other hand. They may ultimately depend on the abundance and types of available carbohydrate and nitrogen sources.
Although detailed data on the process of nitrogen assimilation and carbohydrate uptake are not complete, the three-dimensional structure of IIA Ntr provides a ®rm basis for studies to elucidate the molecular basis of the regulation of gene expression provided by IIA Ntr . Site-directed mutagenesis studies may delineate the residues that are important for the interactions with other proteins. One question still to be answered is how the transduction signal is passed from IIA 
Methods Crystallization
Cloning, overexpression and puri®cation of the IIA Ntr protein were performed as described (Powell et al., 1995) . The stock protein solution, containing 100 mM NaCl, 1 mM DTT (dithiothreitol), 0.1 mM phenylmethylsulphonyl¯uoride (PMSF) and 20 mM Tris-HCl (pH 7.5), was concentrated and washed using 2 mM Na 2 EDTA, 1 mM DTT, 0.1 mM PMSF and 20 mM Tris-HCl (pH 7.5), in a Centricon-3 ultracentrifugation concentrator with a 3 kDa cut-off (Amicon) to a ®nal protein concentration of 8 mg/ml. Initial crystallization conditions were obtained with the sparse matrix method (Jancarik & Kim, 1991) . Re®nement of these conditions resulted in crystals of good quality, grown from 5 ml hanging drops in two to four weeks of equilibration against a 1 ml reservoir solution containing 1.8 to 2.0 M ammonium sulphate as a precipitant, 1 mM NaN 3 and 2 mM DTT in 0.1 M Bes-NaOH buffer (pH 7.5). The crystallization experiments were carried out at room temperature, and the hanging drops contained a mixture of 2.5 ml protein and 2.5 ml reservoir solution. Typical crystal dimensions were 200 mm Â 200 mm Â 600 mm. Precession photographs showed that the crystals belong to space group P4 1 2 1 2 or P4 3 2 1 2, with cell dimensions a b 107.9 A Ê , c 64.3 A Ê . Assuming two molecules in the asymmetric unit, the volume per unit mass, V M (Matthews, 1968) , is 2.6 A Ê 3 /Da. The solvent content is 53%, assuming a speci®c volume of 0.74 cm 3 /g for the protein molecule.
Data collection and reduction
For data collection and the search for heavy-atom derivatives, crystals were transferred to a synthetic mother liquor consisting of 2.4 M ammonium sulphate and 1 mM DTT in 0.1 M Bes-NaOH buffer (pH 7.5). Data collection was carried out at room temperature on a MacScience DIP2000 imaging plate mounted on an Elliot GX21 rotating-anode generator producing CuK a radiation. Data were reduced and scaled using the program XDS (Kabsch, 1988) and programs from the Groningen BIOMOL software package. The crystals displayed low mosaicity (< 0.3 ) , and the quality of the diffraction showed only moderate decay during data collection. Data collection statistics are given in Table 2 .
Phasing
The search for isomorphous heavy-atom derivatives yielded two useful derivatives, trimethyl lead acetate (10 mM; soaking time two weeks), and mercuric chloride (3 mM; soaking time three days). Only the lead derivative produced a partially interpretable difference Patterson map that allowed us to locate two heavy-atom sites. Although the calculated phases were of poor quality, 16 cycles of solvent¯attening at 3.2 A Ê resolution improved the phases suf®ciently to identify two additional sites in the lead derivative and eight sites in the mercury derivative (see Table 2 ). The resulting 3.2 A Ê resolution MIR map calculated with the combined phase information from the two derivatives was of excellent quality. Further improvement was obtained with 16 cycles of solvent¯attening at the same resolution, and gave a map that could be interpreted almost completely. The heavyatom re®nement, phasing, solvent¯attening, and map calculations were all carried out with the PHASES package (Furey & Swaminathan, 1997) . The statistics resulting from inclusion of the anomalous data of the two derivatives as well as visual inspection of the ®nal electron density map showed that the correct space group of the IIA Ntr crystals is P4 3 2 1 2.
Model building and refinement
The model of IIA Ntr was built with the program O (Jones et al., 1991) . Crystallographic re®nement was performed with the program XPLOR (Bru È nger, 1992) . Progress of the re®nement was monitored with a free Rfactor, calculated with 10% randomly selected observed structure factor amplitudes not included in the re®ne-ment. Initially, rounds of simulated annealing were carried out with tight non-crystallographic symmetry restraints using data between 7 and 3.2 A Ê resolution with an |F|/s ratio greater than 3.0. After each re®ne-ment round 2F o À F c and F o À F c OMIT maps (Bhat, 1988; Vellieux & Dijkstra, 1997) were calculated using the Groningen BIOMOL and CCP4 (Collaborative Computational Project Number 4, 1994) program suites, gradually extending the resolution of the data used in the map calculations and the subsequent re®nement runs in steps of 0.1 A Ê . The 2.7 A Ê model clearly showed that some regions of the structure involved in intermolecular contacts, had different conformations in the two molecules in the asymmetric unit. The non-crystallographic symmetry restraints were then gradually released and a conventional grouped B-factor re®nement was introduced. At 2.4 A Ê resolution restrained individual B-factor re®nement was started. When the resolution limit of 2.35 A Ê was reached, XPLOR re®nement was extended to all measured diffraction data with F/s > 0.0. In the ®nal re®nement round at 2.35 A Ê resolution a bulk solvent correction was included. This gave a substantial improvement in R and R free factors.
Quality of the final model
The quality of the structure was analysed with the program PROCHECK (Laskowski et al., 1993) . Accessible surfaces were calculated according to Lee & Richards (1971) with the program DSSP (Kabsch & Sander, 1983 ). The ®nal model contains residues 8 to 157 of chain A, and residues 1 to 157 of chain B. The ®rst seven amino acids of chain A and the last six residues of both chains are disordered and do not show clear electron density. The ®nal values of the crystallographic R-factor and R free are 19.5% and 25.1%, respectively, including all data between 2.35 A Ê and 7.0 A Ê resolution with |F|/s greater than 0.0. A Ramachandran plot, calculated with PRO-CHECK (Laskowski et al., 1993) , shows that 92.5% of the residues are in the most favoured regions, 6.5% in the additionally allowed regions, and three amino acids (chain A: Leu81 (f/c 60 / À 19 ) and Asn101 (f/ c 68 / À 13 ), chain B: Asn101 with f/c 70 / À 11 ) in the generously allowed regions. There are no residues in the disallowed regions. The r.m.s deviations from stereo-chemical ideality (Engh & Huber, 1991) are 1.58 for the bond angles and 0.007 A Ê for the bond lengths. The average B-factors for main-chain and sidechain atoms are 38 A Ê 2 and 43 A Ê 2 , respectively. Sixty six water molecules were included in the ®nal model (with an average temperature factor of 47 A Ê 2 ), together with one sulphate ion and three molecules of b-mercaptoethanol.
Re®ned co-ordinates and structure factor amplitudes have been deposited with the Brookhaven Protein Data Figure of merit, |F best |/|F| with F best AE a P(a)F/AE a P(a), where P is the probability of phase angle a.
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Bank (Bernstein et al., 1977) with entry codes 1abj and rs1abj, respectively.
